The Workhorse Acoustic Doppler Current Profiler (ADCP) manufactured by Teledyne RD Instruments (RDI) uses a "Bottom-Tracking" algorithm to yield data intended to represent distance to the bottom. However, current RDI software processing does not take into account the pitch and roll of the instrument. This technical note outlines post-deployment computations required to correct the reported Bottom-Track Ranges for instrument pitch and roll in the scenario where the ADCP is upward-looking with Bottom-Tracking being used to estimate distance to the surface.
Background
In "Bottom-Track" mode, Teledyne RD Instruments (RDI) Acoustic Doppler Current Profilers (ADCPs) report four "Bottom-Track Range" measurements of distance to the surface, one from each of the four beams of the instrument. From the ADCP Practical Primer (Teledyne RD Instruments, 2011) with B3 defined as the forward direction.
The pitch is the angle of the axis through B4 and B3 to the horizontal, and by inspection positive pitch means the head of B3 is higher than the head of B4 when the ADCP is upward-looking (see right for schematic).
Similarly, the roll is the angle of the axis through B2 and B1 to the horizontal and by inspection positive roll means the head of B2 is higher than the head of B1 when the ADCP is upward-looking.
One natural approach is to apply two successive rotations (corresponding to pitch and roll) to the beam directions. However, this is problematic owing to the noncommutativity of rotations in three dimensions. Instead we proceed as follows.
It is convenient to consider the problem in the coordinate frame of the instrument. In this frame, the instrument may be described as a vector:
where the 3 rd (z) component is along the axis of the instrument. In the upward-looking scenario under consideration here, we pick arbitrarily the x-axis to be towards B1 (and away from B2), and the y-axis to be towards B3 (and away from B4), and the z-axis to be along the instrument in the direction of the outgoing beams.
The beams are at an angle θ to the axis of the instrument (θ being 20deg for a Workhorse ADCP). Thus, in this instrument coordinate frame, the beams can be represented as unit-length vectors: We now seek the true vertical, which we denote by vector V = ( a, b, c ) in the instrument frame, where a, b, and c are unknown. By requiring the length of V to be unity without loss of generality:
The pitch, p, of the instrument is the angle between the instrument y-axis ( 0, 1, 0 ) and the horizontal. Thus π/2-p is the angle between our instrument y-axis and the true vertical ( a, b, c ).
Taking the dot product of our instrument y-axis and the true vertical yields:
Similarly for the roll, r, which is relative to our instrument x-axis:
Note the sign conventions here match the RDI-ADCP sign conventions for pitch and roll.
We seek the angle α between each beam and the true vertical, the cosine of which is obtained from the dot The corrected vertical ranges from the ADCP to the surface (Vrange_1-4) are now obtained from the reported RDI Bottom-Track Ranges (RDIRange_1-4) as follows:
where θ is 20deg for a 300 kHz Workhorse. (The factor cos θ in the denominator compensates for the scaling applied to the data by the RDI software.)
Application of correction to upward-looking ADCP data from mooring site A4-07
To assess the importance of this correction, we consider the case of the ADCP at A4-07 introduced above, which was moored upward-looking ~ 37m below the surface. From Teledyne, 2011, page 44, BottomTracking "depth resolution is approximately 0.1m". From RD Instruments, 2001 , page 27, Bottom-Track data using ADCP option BM4 are claimed to be reported in increments of 1% of range (for 40m, thus 0.4m), however the ASCII data obtained via BBLIST are reported to greater precision than this. The tilt sensors on the Workhorse have a range of ± 15deg, with an uncertainty of ± 2% (RD Instruments, 1998, page A5), presumably 2% of 30deg, i.e., 0.6deg.
Simple geometry suggests that neglecting tilts ( Consider now ( Figure 3 ) the same data corrected for pitch and roll using Equations 5 and 6 above. In Figure 3 , black dots mark uncorrected data, red marks corrected data with tilts ≤15deg and cyan marks data with tilts >15deg, i.e., outside the published range of the tilt sensors. The corrected ranges are now almost independent of roll (top row). The dependency on pitch is significantly reduced, but is still present at large pitches, and is comparable to the quoted uncertainty of 1% of range, i.e. in this case ~ 0.4m (marked in Figure 3 , lower panels). Dividing to remove D and rearranging yields:
Similarly, at times when pitch is zero, a similar equation can be derived for the roll, r, viz:
The approximation here is as per Shcherbina et al., 2005, Equation 16 , although beware an ambiguity in their brackets. The full problem for non-zero pitch and roll is not readily solved analytically and is not pursued here.
Figure 4 (below) shows the discrepancy between these estimates of pitch and roll and the measured pitch and roll, plotted against the tilt components. Grey indicates all data. Red indicates points where the nonadjusted tilt component is < 0.2deg, blue is the subset of those points at times believed to be ice free. Lower panels are enlargements of the 0-5deg range. Significant scatter is evident in these plots, but to seek a constant offset, we consider the mean of blue points in this reduced range. This yields offsets of: for pitch = -0.17deg (i.e., RDI pitch estimate is less than calculated pitch), and for roll = + 0.40deg (i.e., RDI roll estimate is greater than calculated roll). Both numbers are within stated instrument uncertainties.
Including these estimates as constant offsets to the range estimates as per Figure 3 does not significantly reduce the dependency on pitch, suggesting that pitch dependent errors in the sensors may be significant. However, this possibility is not pursued here, since the majority of the data are at small tilts, specifically: -91% of all pitch readings are less than 5deg, -88% of all roll readings are less than 5deg, -96% of all pitch readings are less than 10deg, -97% of all pitch readings are less than 10deg. 
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